Objective: Facioscapulohumeral muscular dystrophy (FSHD) is a neuromuscular disease with an unclear genetic mechanism. Most patients have a contraction of the D4Z4 macrosatellite repeat array at 4qter, which is thought to cause partial demethylation (FSHD1) of the contracted allele. Demethylation has been surveyed at 3 restriction enzyme sites in the first repeat and only a single site across the entire array, and current models postulate that a generalized D4Z4 chromatin alteration causes FSHD. The background of normal alleles has confounded the study of epigenetic alterations; however, rare patients (FSHD2) have a form of the disease in which demethylation is global, i.e., on all D4Z4 elements throughout the genome. Our objective was to take advantage of the global nature of FSHD2 to identify where disease-relevant methylation changes occur within D4Z4.
Facioscapulohumeral muscular dystropy (FSHD [OMIM 158900]) is a dominant genetic disease with variable onset that affects certain muscle groups of the face and upper body as well as abdominal and foot-extensor muscles with atrophy, increasing with age. 1 The incidence is at least 1 in 25,000 individuals. 2, 3 Ninety-five percent of cases (FSHD1) are caused by a contraction of the D4Z4 repeat array located at 4q35.2 from the usual number of approximately 100, down to #10, 4 which is thought to alter the chromatin of the array. In the other 5% of cases, an unknown event alters D4Z4 chromatin, including both alleles of 4q35.2 arrays, which may contain .10 repeats (FSHD2 or phenotypic FSHD). 5 The 2 forms of the disease have similar clinical severity scores. [6] [7] [8] Each D4Z4 repeat encodes a gene, DUX4, which is toxic at high levels of expression. [9] [10] [11] [12] [13] [14] DUX4 also sensitizes to oxidative stress, and perturbs myoblast differentiation at low levels of expression. 9 Recent genetic analysis has revealed that all patients with either form of FSHD inherit a pathogenic allele with a unique DUX4 "ATTAAA" polyadenylation signal downstream of the last D4Z4 repeat of chromosome 4, whereas nonpathogenic alleles lack this signal. 15 10qter has a similar subtelomeric D4Z4 repeat array displaying 99% nucleotide identity to that of 4qter, but reductions in chromosome 10 D4Z4 repeats do not result in disease 5, 6 and chromosome 10 alleles do not contain the DUX4 polyadenylation signal. 15 The correlation of the disease with the polyadenylation signal suggests a model where D4Z4 chromatin is altered, allowing transcription of polyadenylated DUX4 messenger RNA from the last repeat of the pathogenic allele, which is then translated into a toxic protein. 15 The phenotypic similarity of FSHD1 and FSHD2, together with the observed FSHDassociated chromatin changes frequently associated with reduced methylation, 16 suggest that understanding D4Z4 epigenetic changes is critical to understanding FSHD. Previous reports surveyed D4Z4 methylation in the blood of FSHD patients using methylationsensitive DNA restriction enzymes and Southern blotting. 5, 6, 8, 17 Only 3 CpG loci within D4Z4 or 4 chromatin protein-bound ChIP-PCR sites [5] [6] [7] [8] [16] [17] [18] [19] [20] [21] [22] have been examined. When a probe was used to survey the first (proximal) repeat in FSHD1, it was found that only the contracted chromosome 4 allele showed reduced methylation, whereas in FSHD2, both chromosomes 4 and 10 showed demethylation. 5, 6 Methylation of internal repeats has been examined at only a single site, CpoI, with FSHD2 patients showing demethylation on both chromosomes. 5 We have taken advantage of the unique feature of global D4Z4 hypomethylation in FSHD2 to investigate epigenetic changes in D4Z4 using bisulfite sequencing. This allowed us to survey how methylation patterns are altered at 74 CpG sites across 3 distinct domains of D4Z4, a significant increase in resolution over prior studies in which only a single methylationsensitive restriction enzyme was used to examine internal repeats in FSHD. This improved resolution brings to light unexpected features of chromatin changes in D4Z4, including a surprisingly moderate rate of demethylation of DUX4, and an intensely focused region of demethylation upstream of the DUX4 gene, which likely represents an important regulatory site.
METHODS Samples were provided by Dr. John Day or Dr. Rabi Tawil and were taken with patient consent under IRB-approved protocols. All but 2 patients were classified as FSHD2 by detailed genetic analysis of chromosomes 4q and 10q for length and allele type and had below-threshold levels of methylation using Southern blotting methods. 6 Furthermore, all had a permissive chromosome 4 allele. 15 Two patients were related to tested probands and were not tested themselves. Biopsy samples were taken from quadriceps muscles. Myoblast cells were cultured in human myoblast medium (DMEM/F10; HyClone, Thermo Scientific, Logan, UT) supplemented with 20% HyClone fetal bovine serum, penicillin 5 U/mL, and streptomycin 5 mg/mL (Gibco, Invitrogen, Carlsbad, CA), human basic fibroblast growth factor 10 pg/mL, dexamethasone 40 pg/mL (Stem Cell Technology, Vancouver, BC), and b-mercaptoethanol 0.114 mM (Sigma, St. Louis, MO). DNA was isolated with a PureLink Genomic DNA Mini Kit (Invitrogen), or as previously described 5 and 500 ng of DNA was converted with the EZ DNA Methylation Direct Kit (Zymo Research, Irvine, CA). DNA was amplified by PCR with primers and conditions as described, then cloned, sequenced, and analyzed (see e-Methods and table e-1 on the Neurology ® Web site at www. neurology.org).
RESULTS
Using the observation that all D4Z4 elements on chromosomes 4 and 10 are altered in FSHD2 as a foundation, we designed a strategy to examine global average methylation levels at CpG sites within 3 different regions of D4Z4, taking advantage of the distinct etiology of FSHD2 to evaluate what specific D4Z4 chromatin changes might be most relevant to the deregulation of D4Z4 associated with the FSHD phenotype. Based on reported methylation/demethylation at the CpoI site assayed over internal repeats of chromosomes 4 and 10, 5 we expected that the 3 regions would be approximately 70% to 90% methylated in controls and would undergo at most 30% to 40% demethylation in FSHD2. We prepared DNA from peripheral blood lymphocytes (PBLs) or cultured myoblast cells and treated it with bisulfite, which converts unmethylated cytosine to uracil but does not convert methylated cytosine. The treated DNA was amplified by PCR with 3 sets of primers to give fragments in 3 D4Z4 regions: 2 upstream of the DUX4 ORF and 1 within the ORF (DR1-3; figure 1 ). The first site, DR1, is 1 kb upstream of the DUX4 ORF, 71 base pairs (bp) 39 of a reported CTCF binding site 19 (figure 1). CTCF can function as an insulator to limit domains of DNA methylation, and DNA binding by CTCF can be methylation sensitive. 23 The low complexity of D4Z4 sequence (73% G or C) makes it challenging to design PCR assays that are specific. Choosing primers for bisulfite sequencing of D4Z4 is even more difficult because CpGs are undesirable within primers. For this reason, we were unable to survey the CTCF binding site itself. The second site (DR2) is located downstream of the DR1 site and includes a previously surveyed BsaAI methylation-sensitive restriction enzyme site. Because the DUX4 ORF has been implicated as a causal agent in FSHD, 9, 15, 21, 24, 25 we also evaluated methylation within the ORF. The DR3 site targets approximately the middle 223 bp of the 1,275 bp DUX4 ORF.
Most CpGs are methylated in control PBLs. We first examined methylation rates in control PBL samples. All 3 surveyed sites averaged .50% in controls (DR1-3, figure 2 ). At DR2 and DR3, the average level of methylation was similar (69% and 63%, respectively) and not significantly different from DR1.
In FSHD2 PBLs, demethylation is greatest at DR1. All 3 regions showed relative demethylation in PBL DNA of FSHD2 patients, however the demethylation at DR1 was remarkable (figure 2). The FSHD2 samples averaged only 21% methylation at DR1 whereas the controls averaged 55% (for averages, see figure 4 ), a reduction of .62%. These differences were found despite the fact that the results are based on bisulfite sequencing from the total PCR products, i.e., not exclusively products specific to chromosome 4. In some patients, every sequenced fragment was essentially unmethylated, which, because the vast majority of repeats are internal, suggests that DR1 is demethylated on the internal repeats of both chromosomes 4 and 10.
DR2 and DR3 are demethylated to a lesser extent. The average methylation at DR2 FSHD2 PBLs was also reduced compared with the control (figures 2 and 4). However, at DR3, this demethylation was not statistically significant (p 5 0.0749, figure 4 ). This demonstrates a nonuniformity of FSHD-mediated demethylation along the repeat that has not been demonstrated previously because of the small number of CpGs surveyed. 5 Methylation at DR1 is dramatically reduced in FSHD2 myoblasts. To expand our sample size, and to evaluate a muscle cell type, we sought to evaluate methylation levels in FSHD2 myoblasts. Some previous reports suggested that methylation levels were not different in PBL, biopsy, or myoblast samples 5, 17 ; however, D4Z4 methylation levels can vary among different cancer cell lines. 26 We found that in myoblast samples, DR1 was even more extremely demethylated (figures 3 and 4). Controls ranged from 41% to 83% methylated, whereas FSHD2 samples ranged from 2% to 31% methylated. On average, DR1 had one-fourth as much methylation in FSHD2 as in unaffected controls.
At the DR2 and DR3 sites, FSHD2 myoblasts showed moderately lower methylation than controls; although this was highly significant at DR2 (p , 0.001), the DR3 site showed greater variability with a (still significant) p value of 0.03. Thus, the data from myoblast samples are broadly similar to the data from PBLs, with strong evidence for a focal demethylation at DR1.
Methylation at BsaAI vs DR2. The previously surveyed BsaAI site is within DR2. Looking at the methylation pattern across DR2, there was considerable variability at each individual CpG. At the specific CpG previously surveyed by BsaAI (number 13, marked by an asterisk), we found a modest reduction (from 62% methylation in controls to 45% in FSHD2 blood), similar to the average reduction for the whole of DR2. This compares with the 28% vs 50% average methylation found at the BsaAI site in the proximal repeat in FSHD2 and control individuals from PBL DNA reported previously using the Southern blot technique. 6, 15, 17 In the myoblast samples, there was a greater difference between FSHD2 samples (31% methylation) and controls (83% methylation) at this site. These values show that the trends in methylation differences observed at this particular CpG in random D4Z4 repeats (our approach) were similar to those observed with BsaAI Southern blotting evaluating the first repeat only. DISCUSSION FSHD is a disease with a complicated molecular mechanism that is still not well understood.
In the current molecular model, pathology results from ectopic expression of the DUX4 protein encoded by the last D4Z4 repeat unit. 15 This is attributable to some event that causes a chromatin change allowing transcription within the normally silent somatic D4Z4. 11, 15, 27, 28 There are many unresolved questions, chief among them: What molecular mechanism accounts for this chromatin change? Studying epigenetic regulation in FSHD1 would require purification of the contracted permissive allele, which is technically challenging. Because in FSHD2, D4Z4 changes are not restricted to the permissive allele, cells from these rare individuals can be used to probe FSHD-related D4Z4 chromatin changes. They therefore represent an important resource to understand epigenetic mechanisms in both forms of the disease. Taking this latter approach, we have moved significantly beyond past studies of methylation in FSHD. Our data demonstrate that D4Z4 cannot be thought of as existing in 2 configurations, methylated or hypomethylated; rather, demethylation is focused on particular regions of The structure of the D4Z4 repeat unit showing regions analyzed by bisulfate sequencing
The DUX4 ORF is indicated in orange with homeodomains shown as blue bars. The regions surveyed in this study, DR1 to DR3, are shown in red. The 3 regions are at positions 563-814 (DR1), 997-1272 (DR2), and 2471-2692 (DR3) with respect to the start of the KpnI site. The locations of the previously surveyed methylation-sensitive restriction enzyme sites, 5, 6, 8, 17, 18 the location of 2 previously identified adjacent G-quadruplex sites, 26 and a previously identified CTCF binding site 19 are indicated. The green region marked AS-reg has been shown by Block et al. 27 to be important for bidirectional transcription from D4Z4. D4Z4, e.g., DR1. This is the first observation of regional demethylation differences within D4Z4 that are FSHD specific. Such focally demethylated domains are likely to have a critical role in the overall accessibility of the factors that result in expression of the DUX4 gene.
Previous studies observed differences between D4Z4 and nearby external proximal sequences with one finding a region of decreased methylation 5 and the other finding increased methylation. 26 de Greef et al. 5 found that high levels of methylation did not extend to a SmaI site outside of the D4Z4 array (30%-35%) compared to within the array (40%-90%) in PBLs and no FSHDspecific demethylation at this site. Tsumagari et al. 26 found that in cancer cells, a 2.2-kb region proximal to the array was hypermethylated and a 1.4-kb region within the D4Z4 array was hypomethylated. These differing results suggest that even small differences in distance can result in very different methylation patterns and that different tissues can have different methylation patterns. Indeed, DR1 and DR2 are only 131 bp apart. A further consideration is that the repeats within the arrays might not be uniformly methylated. The proximal-most D4Z4 repeat was reported to be less methylated at the CpoI site than the internal repeats in both healthy and FSHD samples. 5 When internal D4Z4 units were examined at the CpoI site, only FSHD2 individuals showed hypomethylation relative to controls. Because our study surveyed random clones from the genomic set of D4Z4 repeats, it is likely that internal repeats are considerably overrepresented relative to terminal repeats. Therefore, we conclude that the DR1 region is probably demethylated within the majority of internal repeats. Given that we discovered the greatest changes in methylation at DR1, we postulate that chromatin regulatory factors that go awry in FSHD2 may bind within or near this region. Surprisingly, the DUX4 ORF site (DR3) showed only moderate demethylation and high variability. This result was unexpected, considering previous results showing demethylation of the CpoI site, which is also in the ORF but 410 bp upstream of DR3. Although this may be attributable to regional differences within the ORF, our data show that the status of the CpoI site cannot be assumed to equate to that of the DUX4 ORF overall. An intriguing possibility is that methylation instability at DR3 may influence DUX4 gene expression, which may tend toward either no expression or high expression in a small number of cells. 21 Although hypomethylation at 3 methylation sensitive sites within D4Z4, BsaAI, FseI, and CpoI, was observed in a large cohort of FSHD2 patients and controls, there were a few control individuals who had reduced levels of methylation at 1 or more of these sites. 6 An important question raised by that result is whether variation in methylation levels results from incomplete penetrance of the disease or from sporadic variation in methylation levels at a single site in an otherwise hypomethylated sequence. Our work suggests the latter and highlights the value of surveying a larger number of CpGs to assay local methylation changes.
The D4Z4 repeats from chromosomes 4 and 10 cannot be distinguished in the sequences we have amplified; therefore, our data represent global average changes at D4Z4, and it is possible that these are more extreme on one or the other chromosome. However, regarding DR1, where the greatest level of demethylation was seen, it is likely that chromosomes 4 and 10 are equally demethylated because the average can approach zero only if all D4Z4 repeats in the genome are subject to demethylation. Furthermore, the current model suggests that changes in the status of the last repeat are most critical to the phenotype, and to date even the methylation-sensitive restriction enzyme method cannot evaluate methylation of the terminal repeat. Therefore, both approaches, looking at global averages for D4Z4 (here) vs looking at the first or internal D4Z4 repeats of chromosome 4 (previous work), give approximations that need to be interpreted with their own caveats.
The extreme demethylation at DR1 leads to the question of how demethylation at this site could directly affect the D4Z4 repeat or DUX4 transcription. Just proximal to the DR1 site, within the D4Z4 repeat, is a CTCF binding site (figure 1). CTCF typically binds to DNA that is not methylated 23 and its binding at D4Z4 can be blocked by methylation. 19, 29 The CTCF binding site was identified when Ottaviani et al. 19 used transfected constructs to show that a single D4Z4 element was able to bind CTCF. However, CTCF binding was reduced with arrays of 4 repeats and was nearly absent with 12 repeats. Although we did not evaluate the CTCF binding site itself, we saw the most significant demethylation very near this posited binding site. Assuming CTCF does indeed bind this site when demethylated in FSHD, our data suggests that CTCF could actually be insulating from a silencer rather than from an enhancer.
Block et al. 27 identified a region that controls bidirectional transcription of a reporter that replaced the DUX4 ORF within a D4Z4 repeat (NspI to AccIII, figure 1). Therefore, the FSHD-specific methylation patterns found within DR2 may have a direct role in transcriptional regulation and may be influenced by DR1 as well. In addition, a new noncoding RNA (DBE-T) has been described for D4Z4 starting in the proximal region and continuing until approximately the FseI site of D4Z4. 28 Whether methylation at DR1 or DR2 would influence this noncoding RNA remains to Figure 4 Average methylation at each region examined in blood and myoblast cells of facioscapulohumeral muscular dystrophy (FSHD)2 and control individuals
The percent methylation (y axis) of the averaged data for control compared with FSHD2 samples for blood DNA at each of the 3 tested sites (DR1-DR3) is shown. Differences between the means of control vs FSHD2 were tested using analysis of variance. The p values are as follows: DR1 peripheral blood lymphocyte (PBL) 5 0.0002, Myo 5 0.0002; DR2 PBL 5 0.0019, Myo #0.001; DR3 PBL 5 0.0749, Myo 5 0.0300.
be determined, but because DBE-T recruits polycomb repressors to D4Z4 and influences chromatin remodeling, it is possible that methylation patterns at DR1 and DR2 could be influenced by DBE-T. Given the recent observation that the DUX4 polyadenylation signal explains the permissive alleles, 15 and thus that DUX4 must have a central role in FSHD, it will be important to determine how methylation changes lead to the expression, splicing, or stability of DUX4 RNA. Examining the methylation status of the DR1 region of D4Z4 by bisulfite sequencing in cells throughout development and differentiation may help to clarify the underlying epigenetic mechanisms of FSHD. 
